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STUDY O F  THE ATTITUDE CONTROL HANDLING QJJALITIES 

OF THE LEM DURING TKE FINAL APPROACH TO LUNAR LANDING 

A simulation s tudy has been performed i n  which t h e  handling qua l i -  
t ies  of a LEM type spacecraf t  have been evaluated f o r  a luna r  landing 
approach. Both r a t e  command systems and a t t i t u d e  command systems were 
inves t iga ted .  

The s tudy included va r i a t ions  i n  the  c h a r a c t e r i s t i c  parameters of 
t h e  con t ro l  system such as t h r u s t e r  s ize ,  t i m e  constant,  damping r a t i o ,  
n a t u r a l  frequency and controller-command s e n s i t i v i t y .  The e f f e c t  of 
t hese  parameter va r i a t ions  upon p i l o t  r a t i n g  of t h e  con t ro l  system has 
been evaluated.  The study included considerat ion of t h e  d is turb ing  
torques t h a t  would be assoc ia ted  with a misalinement of t h e  main-engine 
t h r u s t  with the  spacecraf t  center-of-gravity.  

INTRODUCTION 

The con t ro l  system design of the  Lunar Excursion Module LEM pre- 
s en t s  a d i f f i c u l t  problem because of t he  var ied  nature  of t he  cont ro l  
t a sk -dur ing  the  LEM mission. The so lu t ion  of t h i s  problem i s  made more 
d i f f i c u l t  because of t he  l a r g e  va r i a t ion  of mass and moments of i n e r t i a  
that occur during the  mission. It i s  important then t h a t  v a l i d  knowledge 
of t h e  cont ro l  system requirements be appl ied  t o  the design i n  order t o  
in su re  a cont ro l  system t h a t  provides s a t i s f a c t o r y  performance without 
undue payload penal ty .  A p a r t i c u l a r  area of concern i s  the  terminal  p a r t  
of t he  landing approach including hover and t r a n s l a t i o n  before  touchdown. 
This por t ion  of the  maneuver i s  c r i t i c a l  because t h e  p i l o t  must be able 
t o  s e l e c t  a s u i t a b l e  landing pos i t i on  (poss ib ly  where general  conditions 
are not  too  s u i t a b l e )  and t o  e f f e c t  a landing that w i l l  be within t h e  
design l i m i t  f o r  the  s t r u c t u r e  and which w i l l  r e s u l t  i n  a s i t u a t i o n  xit- 
ab le  for t he  subsequent launch. I n  o ther  words t h e  contact  with the  moon 
must be made under good circumstances. Although t h e r e  e x i s t s  considerable 
p i l o t  experience with t h e  cont ro l  of ver t ica l - landing  vehic les  on t h e  
e a r t h  sur face  t h e  d i f f e r e n t  environment of t h e  moon, p a r t i c u l a r l y  t h e  
r e l a t i v e l y  low magnitude of t h e  g r a v i t a t i o n a l  f i e l d ,  makes it d i f f i c u l t  
t o  ex t rapola te  experience t o  l u n a r  landing operat ions.  O f  p a r t i c u l a r  
concern are t h e  handling q u a l i t i e s  which a r e  necessary t o  e f f i c i e n t  
cont ro l  by t h e  p i l o t .  Also of concern a r e  t h e  techniques t h a t  are 
employed and t h e  displays which a r e  necessary f o r  proper cont ro l .  
Because of t he  l a rge  amount of f u e l  which could be expended by an 
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over-conservative approach t o  t h e  luna r  landing it i s  important t h a t  an 
object ive ana lys i s  be made t o  determine procedures and cont ro l  techniques 
which would be i n  keeping wi th  des i red  mission success both from t h e  
standpoint of s a fe - r e l i ab le  operat ions and from t h e  standpoint of 
reasonable payload c a p a b i l i t i e s .  

I n  order  t o  provide some of t h e  needed handling q u a l i t i e s  information 
a s imulat ion study program w a s  i n i t i a t e d  by t h e  F l i g h t  Dynamics Branch 
of t h e  Spacecraft  Technology Division. 
in-house s imulat ion of t h e  lunar  landing problem and a contracted s t u d y  
of t h e  problem. The Columbus Division of North American Aviation Inc. ,  
w a s  responsible  for t h e  cont rac t  study which w a s  designated contract  
NAS-9-519. The r e s u l t s  of th is  study a r e  repor ted  i n  reference 1. The 
purpose of t h i s  paper i s  t o  present  t h e  r e s u l t s  of t h e  MSC simulat ion 
s tudy and t h e  r e l a t ionsh ips  of t h e  r e s u l t s  with those  reported i n  
re ference  1. 

This program included both  an 

DESCRIPTION OF LUNAR LANDING SIMULATION 

General 

The s imulat ion of t h e  f i n a l  por t ion  of t h e  approach t o  a lunar  
landing w a s  accomplished by coupling an analog-computed so lu t ion  of t h e  
equations of motion t o  a cockpit containing instrument d isp lays  and 
cont ro l  ac tua to r s .  The d i sp lays  and cont ro ls  allowed t h e  p i l o t  t o  
i n t e r p r e t  t h e  f l i g h t  of t h e  LtEM and t o  provide a t t i t u d e  cont ro l  and main 
engine t h r u s t  con t ro l .  

Displays and Controls 

The instrument d i sp l ays  and cont ro ls  u t i l i z e d  i n  t h e  simulated 
LEN cockpit  a r e  shown i n  f i g u r e  1. The cont ro ls  included a main engine 
t h r o t t l e  ac tua ted  by t h e  p i l o t ' s  l e f t  hand and a th ree -ax i s - a t t i t ude -  
cont ro l  ac tua ted  by t h e  p i l o t ' s  r i g h t  hand. The main engine t h r o t t l e  
cont ro l  w a s  s e t  up according t o  f ind ings  of reference 1 so t h a t  minimum 
t h r o t t l e  s e t t i n g  (without engine cu to f f )  w a s  nominally equivalent  t o  a 
t h r u s t  of 1300 pounds which i n i t i a l l y  gave a t h r u s t  t o  l una r  weight 
r a t i o  of .6. Maximum t h r o t t l e  w a s  set t o  correspond t o  10,000 lbs  and 
i n i t i a l l y  gave a t h r u s t  t o  lunar  weight r a t i o  of about 4.7. The a t t i -  
tude  con t ro l l e r  i s  shown i n  more d e t a i l  by t h e  photograph of f i g u r e  2.  
The diagram of con t ro l  motions shown i n  f i g u r e  3 presents  t h e  manner i n  
which cont ro l  i s  commanded about a l l  t h r e e  axis and t h e  angular throws 
of t h e  con t ro l l e r .  The angular l i m i t s  of t h e  c o n t r o l l e r  (*30° i n  p i t c h  

and roll) give approximately *l- inches of c o n t r o l l e r  motion at the  1 
8 
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center  of t h e  c o n t r o l l e r  f i n g e r - t i p  g r i p .  The type of cont ro l  system 
u t i l i z e d  w a s  var ied  during t h e  study and w i l l  be descr ibed la te r  i n  t h e  
T e s t  Program. 

The instrument d i sp l ay  presented t h e  p i l o t  wi th  t h e  fol lowing 
information: 

a .  

b .  

C .  

d .  

e .  

f .  

g .  

h .  

Body a x i s  o r i e n t a t i o n  with respec t  t o  l o c a l  geographic 
coordinates .  P i t ch  and roll a t t i t u d e  w a s  presented by a 
three- inch  diameter two-axis "e ight -ba l l "  . 
Body a x i s  angular  rates 

Al t i tude  

Rate-of-change of a l t i t u d e  

Rela t ive  downrange and crossrange p o s i t i o n  of t h e  landing 
s i t e  

Components of hor izonta l  v e l o c i t y  i n  body axes, 2 and 3; 

T h r u s t  t o  weight r a t i o  i n  :Lunar u n i t s  ( t h a t  i s ,  T/W = 1 
requi red  f o r  hover) 

Fuel remaining 

Scale  changes could be se l ec t ed  by t h e  p i l o t  f o r  t h e  instruments 
providing range, a l t i t ude  and v e l o c i t y  information. These sca l e  changes 
provided coverage of t h e  maximum values of t h e  q u a n t i t i e s  presented as 
well as a relatively sensitive presentation for the hovering task. 

The d i sp lays  w e r e  l imited t o  cockpit  type  instrumentat ion and d i d  
not  provide a simulated view of t h e  luna r  landscape as w a s  u t i l i z e d  i n  
t h e  s tudy of re ference  1. The importance of t h i s  f a c t o r  i s  d i f f i c u l t  
t o  a s ses s  but  it i s  bel ieved t h a t  t h e  l ack  of an outside-the-cockpit  
scenery d i s p l a y  does not i nva l ida t e  t h e  genera l  na ture  of t h e  s tudy  
r e s u l t s .  

Eauations of Motion 

The equations of motion were s e t  up t o  determine t h e  six-degrees- 
of freedom of t h e  LEM over a f l a t  
contained wi th in  about 500 feet  of  t h e  luna r  sur face  t h e  luna r  
g r a v i t a t i o n a l  f i e l d  w a s  assumed t o  be cons tan t .  The moments-of-inertia 
of t h e  spacecraf t  were assumed t o  be constant  during t h e  por t ion  of t h e  
f l i g h t  simulated.  The mass of t h e  LEM w a s  assumed t o  vary wi th  f u e l  
consumption. Table I presents  t h e  assumed values of m a s s  and i n e r t i a  

Because t h e  problem w a s  



during t h e  s tudy.  
values of t h e  moment arms of t h e  r eac t ion  con t ro l  t h r u s t e r s  and a sche- 
mat ic  of t h e  axis system assumed. 

Also included i n  table I are t h e  assumed constant  

At t i tude  Control System 

Three types  of a t t i t u d e  cont ro l  systems were simulated: 
comand, ( b )  a t t i t u d e  comand and ( c )  open-loop o r  acce le ra t ion  comand. 
Only a q u a l i t a t i v e  eva lua t ion  of t h e  open-loop system w a s  made t o  
ind ica t e  t h e  d i f f i c u l t y  of  t h e  cont ro l  t a s k  wi th  t h i s  system and t h e  
major i ty  of t h e  s tudy w a s  centered on t h e  rate command and a t t i t u d e  
comand systems. 
u t i l i z e d  are shown i n  f i g u r e  4. 
f o r  reasons of s implifying t h e  s tudy t h a t  a con t ro l  t h r u s t  could be 
generated propor t iona l  t o  an e r r o r  s i g n a l  w i th in  t h e  l i m i t s  of t h e  
m a x i m u m  t h r u s t  level  assumed. It i s  considered probable t h a t  t h e  r e a c t i o n  
cont ro l  t h r u s t e r s  of an a c t u a l  l una r  landing veh ic l e  w i l l  operate  i n  an 
on-off fash ion .  A f u t u r e  extension t o  t h e  present  s tudy w i l l  be made 
t o  eva lua te  t h e  r e l a t i v e  s ign i f i cance  of on-off t h r u s t e r  operat ion.  
Angular ra te  and p o s i t i o n  information w e r e  assumed t o  have neg l ig ib l e  
dynamics and only t h e  a t t i t u d e  con t ro l  s t i c k  w a s  assumed t o  have dead 
band. 
s tudy included: 

( a )  rate 

A diagram of rate and a t t i t u d e  command cont ro l  systems 
I n  each con t ro l  system it w a s  assumed 

The main parameters t h a t  were va r i ed  during t h e  course of t h e  

a .  Thrus te r  s i z e  

b .  Cont ro l le r  command s e n s i t i v i t y  (number of deg/sec o r  deg 
commanded pe r  degree-of-s t ick motion) 

e .  Response t i m e  constant  ( f o r  rate-command system) 

d .  Natural  frequency ( f o r  attitude-command system) 

e .  Damping r a t i o  ( f o r  attitude-command system) 

The combination of t h e  l a t t e r  t h r e e  parameters with var ious l i m i t s  
on the  s i z e  of  t h e  a t t i t u d e  cont ro l  t h r u s t e r s  o f t e n  led  t o  t h e  cont ro l  
system being l i n e a r  over only s m a l l  angular  ranges.  

TEST PROGRAM 

The t e s t  program w a s  flown by t h r e e  t e s t  sub jec t s .  Two of t h e  
subjec ts  were cu r ren t ly  q u a l i f i e d  p i l o t s  with m i l i t a r y - f l i g h t  backgrounds. 
The t h i r d  subjec t  w a s  a research  engineer familiar with cont ro l  problem 
ana lys i s  but  without p i l o t i n g  experience.  Two types of t a s k  were 
u t i l i z e d  and are def ined as follows: 
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a.  Hover Task - t h e  t a s k  of  t h e  p i l o t  w a s  t o  f l y  from an 
i n i t i a l  hover pos i t i on  a t  50 feet  a l t i t u d e  t o  a new hover 
pos i t i on  100 fee t  away and then  maintain t h e  new hover 
pos i t i on  f o r  up t o  t h r e e  minutes.  

b .  Landing Approach Task - t h e  t a s k  of t h e  p i l o t  w a s  t o  
complete a landing approach t o  a spec i f i ed  pos i t i on .  The 
i n i t i a l  condi t ions were a l t i t u d e  = 300 fee t ,  a l t i t u d e  
ra te  = 0, d i s t ance  t o  landing = 3000 feet  downrange and 
1000 feet  cros  srange . 

I n  add i t ion  t o  f l y i n g  t h e  t a s k  t h e  p i l o t  w a s  asked t o  q u a l i t a t i v e l y  
assess t h e  con t ro l  system u t i l i z i n g  t h e  Cooper Rating System which i s  
descr ibed i n  t a b l e  11. 

The t e s t  program included runs i n  which it w a s  assumed t h a t  t h e  
main-engine t h r u s t  w a s  not a l i n e d  with t h e  center-of-gravi ty .  Var ia t ions  
of up t o  4 inches of misalinement were t e s t e d .  

The t e s t s  were designed t o  examine t h e  na ture  of t h e  handling 
q u a l i t i e s  of t h e  cont ro l  systems for t h e  following: 

a .  Rate Command System 

(1) Time constant 

(2) M a x i m u m  rate command f o r  Landing Approach Task 

( 3 )  Thruster  s i z e  i n  presence of main-engine t h r u s t -  
c .g. misalinement 

b .  A t t i t ude  Command System 

(1) Damping r a t i o  

( 2 )  

( 3 )  

St i ck  s e n s i t i v i t y  f o r  Hover Task 

M a x i m u m  a t t i t u d e  command f o r  Landing Approach Task 

(4) Natural  frequency of con t ro l  system 

( 5 )  Thruster  s i z e  i n  presence of main-engine t h r u s t -  
c .g .  misalinements.  
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RESULTS AND DISCUSSION 

R a t e  Command System 

General 

The simulated cockpit  d i sp lays  and c o n t r o l l e r s  were genera l ly  
similar t o  those  used i n  re ference  1 and it w a s  of i n t e r e s t  t o  see  i f  
t h e  l ack  of an outside-the-cockpit  d i sp l ay  of t h e  t e r r a i n  would a l te r  
t h e  eva lua t ion  of handling q u a l i t i e s .  Enough runs were made with t h e  
ra te  command system t o  al low a rough eva lua t ion  and it w a s  found t h a t  
t h i s  evaluat ion agreed q u i t e  w e l l  wi th  t h a t  of re ference  1 wi th  respec t  
t o  t h e  s a t i s f a c t o r y  range of con t ro l  command s e n s i t i v i t y .  The present  
r e s u l t s  show t h a t  t h e  s a t i s f a c t o r y  con t ro l  area extends t o  a t i m e  
constant of 1 .0  second compared with about 2.0 seconds i n  re ference  1. 
Par t  of t h i s  d i f f e rence  could be a t t r i b u t e d  t o  t h e  l a c k  of an  outside- 
the-cockpi t  d i sp l ay  i n  t h e  present  s tudy.  I n  addi t ion ,  the a t t i t u d e  
"e ight -ba l l "  d i sp l ay  of t h e  present  study had a lower v i s u a l  r e so lu t ion  
capab i l i t y  due t o  i t s  smaller diameter ( 3  Inch f o r  present  s tudy and 
5 inch  f o r  re ference  1). 
rate command and a l s o  shows t h e  corresponding r e s u l t s  of re ference  1. 

Figure 5 presents  t h e  eva lua t ion  for r o l l  

The present  s imulat ion did not l i m i t  t h e  r e a c t i o n  t h r u s t e r s  t o  
l i n e a r  opera t ion  but  allowed f o r  s a tu ra t ed  opera t ion .  The gains  of t h e  
con t ro l  system could the re fo re  be ad jus ted  t o  t ake  advantage of t h e  
t h r u s t e r  maximum angular  acce le ra t ion  c a p a b i l i t i e s  t o  ob ta in  desired 
angular  rates.  
t i o n  of handling q u a l i t i e s  i n  t h e  manner used i n  f i g u r e  5 may be 
misleading because t h e  implied l inear-response type  con t ro l  system may 
not be optimum when t h e  a t t i t ude -con t ro l  t h r u s t e r s  are l i m i t e d  i n  size. 
It appears more appl icable  f o r  a ra te  command system t o  be presented as 
a p l o t  of maximum rate command as a func t ion  of "equivalent  system t i m e  
constant ' '  ( t i m e  t o  reach  63.2 percent of s teady s ta te  va lue ) .  
p l o t  i s  presented i n  f i g u r e  6. This f i g u r e  ind ica t e s  t h a t  f o r  t h e  type 
c o n t r o l l e r  u t i l i z e d  i n  t h e  s imulat ion t h a t  ava i l ab le  con t ro l  command of 
from about lO"/sec t o  about 34"/sec w a s  s a t i s f a c t o r y  t o  t h e  p i l o t  as 
long as t h e  t i m e  constant  i s  less  than  1.0 seconds. The inference  i s  
t h a t  t h e  ava i l ab le  ra te  command i s  t h e  important parameter and wi th in  a 
s a t i s f a c t o r y  range of t h i s  parameter t h e  p i l o t  w i l l  t o l e r a t e  t i m e  
constants  of up t o  about 1 .0  seconds. The ra te  command s e n s i t i v i t y  t o  
con t ro l l e r  d e f l e c t i o n  may be obtained by d iv id ing  t h e  ava i l ab le  d e f l e c t i o n  

(30° angular  of 1 and 8 inches equivalent  l i n e a r )  i n t o  t h e  above quoted 

s a t i s f a c t o r y  ava i l ab le  cont ro l  commands. The des i red  cont ro l  s e n s i t i v i t y  
i s  thought t o  be a func t ion  of c o n t r o l l e r  configurat ion and caut ion 
should be appl ied  when applying t h e  cont ro l  command s e n s i t i v i t i e s  of t h e  
present  tests t o  d i f f e r e n t  c o n t r o l l e r  conf igura t ions .  The f i g u r e  a l s o  

It w a s  apparent from t h e  t e s t  r e s u l t s  t h a t  t h e  presenta- 

Such a 

1 
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shows optimum performance l i n e s  f o r  100 pound and 200 pound t h r u s t e r s  
t o  ind ica t e  t h e  magnitude of r a t e  command as a func t ion  of response 
t i m e  t h a t  could be approached with t h e s e  t h r u s t e r s .  

Ef fec t  of Main Engine Thrust-cg Misalinement 

The e f f e c t  of t h e  main engine t h r u s t  being misal ined with t h e  LEM 
center-of-gravi ty  w a s  found t o  be qu i t e  s i g n i f i c a n t .  Figure 7 shows 
t h e  d e t e r i o r a t i o n  i n  p i l o t  rating as t h e  t h r u s t  misalinement i s  va r i ed  
from 0 t o  4 inches.  
200 lbs  each with system t i m e  constants  of .1 and .5 sec  are shown. A l l  
four  con t ro l  systems are s a t i s f a c t o r y  f o r  0" misalinements. 
d e t e r i o r a t i o n  f o r  t h e  100 l b  t h r u s t e r s  i s  much more r a p i d  than  t h a t  f o r  
t h e  200 l b  t h r u s t e r s .  The v a r i a t i o n  of t h e  100 l b  t h r u s t e r s  shows t h e  
advantage of t h e  lower t ime constant i n  t h a t  t h e  r a t i n g  of t h e  7 = .1 sec  

i s  about 1 and 2 rating poin ts  b e t t e r  than  t h a t  of t h e  7 = .5 sec  wi th  

t h e  r a t i n g  system used. The 200 l b  t h r u s t e r s  have a s i m i l a r  but  less 
pronounced incremental  d i f f e rence  i n  r a t i n g .  

Variat ions f o r  two t h r u s t e r  s i z e s  100 l b s  and 

The 

1 

The r e s u l t s  of t h e  runs with t h e  main-engine t h r u s t  misalinement 
ind ica t ed  t h a t  t h e  cont ro l  system should have a g r e a t e r  margin over t h e  
d i s tu rb ing  torque than  w a s  o r i g i n a l l y  thought necessary.  
of t h e  margin t h a t  i s  necessary a p l o t  of p i l o t  r a t i n g  versus  t h e  
parameter descr ib ing  t h e  r a t i o  of t he  cont ro l  torque t o  t h e  d i s tu rb ing  
torque w a s  made f o r  200 l b  and 60 lb t h r u s t e r s .  This p l o t  i s  shown i n  
f i g u r e  8. 
misalinement i s  increased ( ra t io-of -cont ro l  acce le ra t ion  t o  misalinement 
acce le ra t ion  i s  decreased) .  The p l o t  shows t h a t  a minimum r a t i o  of 2 i s  
acceptable  wi th  200 l b  t h r u s t e r s  and a minimum r a t i o  of about 4 i s  
acceptable  with t h e  60 l b  t h r u s t e r s .  

A s  an i n d i c a t i o n  

The f i g u r e  again shows t h e  d e t e r i o r a t i o n  i n  r a t i n g  as t h e  

Maximum R a t e  Commands U t i l i z e d  

Runs w e r e  made wi th  t h e  m a x i m u m  ava i l ab le  rate command va r i ed  up 
t o  50 degrees/sec f o r  both t h e  Hover and Landing Approach maneuvers. 
I n  some cases even higher r a t e s  were ava i l ab le  fo r  t h e  Hover maneuver. 
During t h e  Hover Task t h e  m a x i m u m  commanded rate w a s  about 20 deg/sec 
and during t h e  Landing Approach maneuver t h e  maximum commanded rate w a s  
about 30 deg/sec. It w a s  a genera l  p i l o t  opinion t h a t  angular  rates i n  
excess of 20 deg/sec are not requi red  f o r  s a t i s f a c t o r y  con t ro l  of t h e  
Landing Approach. 

Overall  eva lua t ion  of runs ind ica t ed  t h a t  i f  extremely p rec i se  
con t ro l  of t h e  Hover maneuver is  requi red  t h e  p i l o t s  would desire a 
non-l inear  con t ro l  system having a high s e n s i t i v i t y  f o r  s m a l l  con t ro l  
de f l ec t ions  and a decreasing s e n s i t i v i t y  as t h e  maximum con t ro l  d e f l e c t i o n  
w a s  approached. Current ly  accepted luna r  touchdown criteria al low lateral  
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v e l o c i t i e s  up t o  about 5 f e e t  per  second and a t t i t u d e  e r r o r s  of a t  
l e a s t  5 degrees.  Landing point  accuracy c r i t e r i a  has not been 
es tab l i shed  b u t  e r r o r s  of t h e  order  of 10 f e e t  would not be incompatible 
with t h e  a t t i t u d e  and ve loc i ty  c r i t e r i a .  Unless t h e  touchdown accuracy 
requirements a r e  d r a s t i c a l l y  reduced, a l i n e a r  cont ro l  command v a r i a t i o n  
with de f l ec t ion  appears sat i s  f ac to ry .  

ATTITUDE COMMAND SYSTEM 

F f f e c t  of Damping Rat io  

A damping r a t i o  of .7 i s  considered about optimum f o r  normal second 
Operating a f l i g h t  con t ro l  system i n  the  grav i ta -  order  l i n e a r  systems. 

t i o n a l  environment of the moon could poss ib ly  r e s u l t  i n  a n  optimum damping 
r a t i o  o ther  than  .7 however, so seve ra l  runs were made w i t h  the p i l o t  
f l y i n g  t h e  hover t a s k  i n  which damping r a t i o  w a s  var ied .  The r e s u l t s  
of t hese  runs a r e  presented i n  f i g u r e  9 as a p l o t  of t h e  magnitude of 
t h e  range o s c i l l a t i o n  about t h e  hover pos i t i on  versus  damping r a t i o .  
For a 1 inch  misalinement of t h e  main engine t h r u s t  vec tor  t h e r e  w a s  
no apparent d i f f e rence  i n  t h e  o s c i l l a t i o n  about t h e  hover pos i t i on  f o r  
damping r a t i o s  of .5, .7 and 1.0 f o r  a 3 inch  misalinement however, 
t h e  magnitude of t h e  o s c i l l a t i o n  f o r  .7 damping r a t i o  w a s  considerably 
l e s s  than  f o r  .5 t o  1.0 damping r a t i o .  

E f fec t  of Control Command S e n s i t i v i t y  

The v a r i a t i o n  of p i l o t  r a t i n g  wi th  cont ro l  command s e n s i t i v i t y  i s  
shown i n  f i g u r e  10 f o r  system na tu ra l  f requencies  of from .4 r ad ian  per  
second t o  2.25 rad/sec.  
t h e  eva lua t ion .  The v a r i a t i o n s  f o r  each n a t u r a l  frequency ind ica t e  
t h a t  t h e  p i l o t  p refer red  a con t ro l l e r  s e n s i t i v i t y  which would give about 
30 t o  60 degrees of a t t i t u d e  f o r  f u l l  con t ro l  de f l ec t ion .  The v a r i a t i o n  
of p i l o t  rating wi th  con t ro l  s e n s i t i v i t y  w a s  l e s s  pronounced f o r  frequen- 
c i e s  of 1 .24 rad/sec o r  g r e a t e r  and a l l  runs flown wi th  these  na tu ra l  
f requencies  were rated w e l l  wi th in  t h e  s a t i s f a c t o r y  boundary. Throughout 
t h e  study t h e  m a x i m u m  a t t i t u d e  command w a s  50 degrees during landing 
approach and 10 degrees during hover. 

The runs p l o t t e d  u t i l i z e d  t h e  Hover Task f o r  

E f fec t  of Control System Na tu ra l  Frequency 

Figures  10 and 11 both show t h e  e f f e c t  t h a t  va r i a t ions  of cont ro l  
system na tu ra l  frequency had upon p i l o t  rating during t h e  Hover Task. 
Figures 12  and 13 show t h e  evaluat ion of system na tu ra l  frequency 
during t h e  landing approach maneuver. 
r a t i n g  ind ica ted  t h a t  t h e  higher t h e  na tu ra l  frequency t h e  b e t t e r  t h e  

For t h e  Hover Task t h e  p i l o t  
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rating, although it i s  apparent t h a t  l i t t l e  add i t iona l  improvement would 
be afforded by f u r t h e r  increases  i n  na tu ra l  frequency above 2.25 rad/sec.  
For t h e  landing approach maneuver t h e  p i l o t  r a t i n g  ind ica ted  an optimum 
na tu ra l  frequency of about 1.73 rad/sec.  
t h a t  wi th  higher  na tu ra l  f requencies  t h e r e  w a s  a tendency f o r  t h e  p i l o t  
t o  induce t o o  much overshoot. 

The p i l o t  comments ind ica ted  

The v a r i a t i o n  of p i l o t  r a t i n g  with na tu ra l  frequency may be p a r t l y  
explained by considering t h e  r e l a t ionsh ip  between t h e  a t t i t u d e  feedback 
s i g n a l  and t h e  a t t i t u d e  command s i g n a l  generated by t h e  p i l o t ' s  cont ro l  
s t i c k .  I f  t h e  na tu ra l  frequency i s  changed by changing t h e  ga in  on the  
a t t i t u d e  feedback then  t h e  ga in  of t h e  command s i g n a l  must  be ad jus ted  
accordingly t o  maintain t h e  same a t t i t u d e  command s e n s i t i v i t y  of t h e  
cont ro l  s t i c k .  Thus, f o r  a given s i z e  cont ro l  t h r u s t e r  a reduct ion i n  
na tu ra l  frequency would be accompanied by a need f o r  a propor t iona te ly  
l a r g e r  a t t i t u d e  command e r r o r  s i g n a l  t o  c a l l  for f u l l  t h r u s t e r  output .  
A reduct ion  of n a t u r a l  frequency then  r e s u l t e d  i n  t h e  system being 
r e l a t i v e l y  slow t o  respond t o  a given a t t i t u d e  command. 

E f fec t  of Main Engine Thrust-Center-Of-Gravity Misalinement 

Figures  11, 12 and 13 show t h a t  misalinements of t h e  main engine 
t h r u s t  wi th  t h e  center-of-gravi ty  i s  detr imental  t o  t h e  a t t i t u d e  command 
system as we l l  as the  r a t e  command system. Figure 12 shows t h a t  with a 
t h r u s t e r  s i z e  of 200 lbs  and a system n a t u r a l  frequency of 1.75 rad/sec 
th rus t - c .g .  misalinements up t o  4 inches d id  not change t h e  p i l o t  r a t i n g .  
Increases  and decreases i n  na tu ra l  frequency however, r e s u l t e d  i n  t h e r e  
being a pronounced d e t e r i o r a t i o n  i n  r a t i n g  with increase  i n  misalinement. 
Figure 13 shows t h a t  wi th  reduced t h r u s t e r  s i z e  (100 l b s )  t h e  e f f e c t  of 
misalinement w a s  obvious f o r  a l l  na tu ra l  f requencies  although again t h e  
preference i s  €or a n a t u r a l  frequency of about 1.75 rad/sec. 

Figure 14 shows t h e  v a r i a t i o n  of p i l o t  r a t i n g  with t h e  v a r i a t i o n  of 
t h e  r a t i o  of t h e  ava i l ab le  cont ro l  torque and t h e  d i s tu rb ing  torque due 
t o  t h r u s t  misalinement. The f i g u r e  i s  appl icable  t o  t h e  hover t a s k  and 
curves represent ing  200 l b  and 60 l b  t h r u s t e r s  are shown. S a t i s f a c t o r y  
cont ro l  wi th  t h e  200 l b  t h r u s t e r s  i s  ind ica ted  whenever t h e  r a t i o  i s  
about 2.3 or g r e a t e r .  
g r e a t e r  than  6 i s  necessary f o r  s a t i s f a c t o r y  con t ro l .  

Whereas f o r  t h e  60 l b  t h r u s t e r s  a r a t i o  of 

CONCLUSIONS 

The s imulat ion study of t h e  lunar  landing approach has ind ica ted  
t h e  following conclusions r e l a t i v e  t o  t h e  a t t i t u d e  con t ro l  system. 
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a. The evaluat ion of des i r ab le  handling qual i t ies  f o r  a 
rate comand system w a s  i n  agreement with a previous 
simulation s tudy ( ref .  1). A range of maximum r a t e  
command a v a i l a b i l i t y  of from 10°/sec t o  34"/sec w a s  
s a t i s f a c t o r y  . 

b. Rate comand system time constant should be of t h e  order  
of one second o r  l e s s  

c .  Misalinements of  t h e  main engine t h r u s t  wi th  t h e  center-  
of-gravi ty  caused a considerable d e t e r i o r a t i o n  i n  system 
handling q u a l i t i e s .  

d. The requi red  r a t i o  of ava i l ab le  cont ro l  torque t o  t h e  
torque a t t r i b u t e d  t o  main engine t h r u s t  misalinement 
var ied  from about 2 f o r  l a r g e  a t t i t u d e  t h r u s t e r s  (200 l b )  
t o  about 4 for s m a l l  t h r u s t e r s  (60 l b )  . 

e .  The maximum rate t h a t  w a s  comanded wi th  t h e  rate comand 
system w a s  20 deg/sec during hover and 30 deg/sec during 
landing approach. 

f .  The damping r a t i o  of t h e  attitude-command system should be 
about 0.7. 

g .  Natural  frequency of t h e  a t t i t u d e  command system should be 
about 1.75 rad ian  per second. 

h. The a t t i t u d e  command system should have cont ro l  t h r u s t e r s  
capable of providing a l a r g e  r a t i o  of ava i l ab le  con t ro l  
torque t o  main engine t h r u s t  misalinement to rque .  This 
r a t i o  va r i ed  from 2.5 for 200 l b  t h r u s t e r s  t o  6 f o r  60 l b  
t h r u s t e r s .  

i. The m a x i m u m  command u t i l i z e d  wi th  t h e  attitude-command 
system w a s  30 degrees during t h e  landing approach and 
10 degrees during t h e  hover maneuver. 

2 
3 

j .  Control comand s e n s i t i v i t i e s  of t h e  order  of 1-- degree 

pe r  degree of cont ro l  de f l ec t ion  (or 40 degrees pe r  inch)  
were considered des i r ab le .  
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Table I 

Definition of LEM coordinate system 
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Time constant, 7, sec 

Figure 5.- Handling qual 
rate command for land 
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Rat io  of r o l l  and p i t c h  max. c o n t r o l  accel .  t o  main engine t h r u s t  misalinement 

F igure  8.- V a r i a t i o n  o f  p i l o t  r a t i n g  as a funct ion o f  t h e  r a t i o  of maximum c o n t r o l  

acce lera t ion  t o  main engine t h r u s t  misalinement. Rate command system. 

T r a n s l a t i o n a l  maneuver 
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F igu re  12.- V a r i a t i o n  o f  p i l o t  r a t i n g  w i t h  v a r i a t i o n  o f  
n a t u r a l  frequency. C o n t r o l  command s e n s i t i v i t y  = 41.6 deg/in. 

Landing approach maneuver 



27 

Is) 
t 

-P 
cd 
L 

-P 
0 
rl 

.- 

.- 
a 

F i g u r e  13.- V a r i a t i o n  o f  p i l o t  r a t i n g  w i t h  v a r i a t i o n  o f  
n a t u r a l  frequency. A t t i t u d e  command system u s i n g  100 l b  
t h r u s t e r s ,  

Landing approach maneuver 
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F igu re  14.- Var 
a c c e l e r a t i o n  
system. 
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Landing approach maneuver 


